Extracts of normal mature articular cartilage contain aggrecan molecules which bear the G1 domain (the N-terminal globular domain of aggrecan) and are C-terminally truncated by proteolysis at a number of sites. A proportion of these molecules are generated by an aggrecanase and/or matrix-metalloproteinase-mediated cleavage in the IGD (interglobular domain between the G1 and G2 domains of aggrecan). However, the proteinase(s) responsible for formation of the majority of the larger G1-G2 and glycosaminoglycan-bearing truncated species is (are) unknown. N-terminal sequencing of aggrecan core fragments generated by m-calpain digestion of bovine aggrecan has identified four novel showed that aggrecan products generated by this cleavage are present in high abundance in mature bovine articular cartilage extracts. We conclude that m-calpain, or an unidentified proteinase with the capacity to cleave at the same site, is active during aggrecan biosynthesis/secretion by mature chondrocytes or in the matrix of mature bovine articular cartilage in vivo.
INTRODUCTION
Aggrecan is the major space-filling proteoglycan present in articular cartilage, and it provides the tissue with mechanical properties of reversible compressibility. In joint pathology, such as that seen in osteoarthritis and rheumatoid arthritis, aggrecan loss leads to progressive cartilage degradation. It is now well established that aggrecan core protein in mature articular cartilages is present as multiple species generated by C-terminal truncation of the full-length protein [1] [2] [3] [4] . Indeed, the major aggrecan core species present in bovine [5, 6] and rat aggrecan [7] have similar electrophoretic properties to the species characterized as 1, a, b, c, d, 6 and e in human articular cartilage extracts [3] . Despite intensive study of these C-terminally truncated species [4, [8] [9] [10] [11] and attempts to identify the proteinases responsible for their generation in vivo, the precise structure has been established only for species 1, 6 and e, which represent the full-length core protein, the aggrecanase [one or more of ADAMTS (a disintegrin and metalloproteinase with a thrombospondin motif)-1, -4, -5, -8, -9 or -15]-generated G1-NITEGE and the matrix metalloproteinase (MMP)/ADAMTS4/ cathepsin-B-generated G1-VDIPEN repectively [3, 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] (G1 is the N-terminal globular domain of aggrecan).
By comparison of the electrophoretic behaviour of the unidentified G1-bearing species (a, b, c and d [3] ) with that of all the aggrecan fragments of known structure, we predicted [3] that the C-termini of these species would be in the region of residue 1300 (species a), 653-755 (species b) and 374-480 (species c and d) (these species are also identified in Figure 1A , right lane, and Figure 4 , below).
For species a, which appears as a broad heterogeneous band on gels, there is no known proteolytic cleavage site near residue 1300; the electrophoretic properties of species a indicate that it is slightly smaller than the aggrecanase-generated product formed by cleavage at Glu 1564 [23] (human) or Glu 1499 ( [24] , but see erratum [24a] ) (bovine). In addition, it has been suggested [3, 25] that species b, c and d may be products of MMP activity, since MMP-1 cleaves at Gly 675 -Ileu 676 [26] and a range of MMPs cleave at Asp 460 -Leu 461 [27] , both of which are near the predicted sites [3] .
The demonstration [28, 29] that m-calpain cleaves efficiently at the Ala 719 -Ala 720 and Ala 474 -Ala 475 bonds of bovine aggrecan (residue numbers from [24,24a] ) raised the possibility that the naturally occurring species, b, c and d, might instead result from proteolysis at these sites. Here we report the generation and use of a mAb (monoclonal antibody), SK-28, which reveals that the naturally occurring bovine aggrecan species b (also called band b in [7] , species c in [6] and species b in [3] ) and species c (also called species D in [6] and species c in [3] ) are the products of m-calpain, or an unidentified proteinase with the same substrate specificity for bovine aggrecan cleavage. The calpains are currently defined as a family of calcium-dependent neutral cysteine proteinases Abbreviations used: A1A1D1-A1A1D6, CsCl gradient fractions used in aggrecan purification; ADAMTS, a disintegrin and metalloproteinase with a thrombospondin motif; CS, chondroitin sulphate; G1, the N-terminal globular domain of aggrecan; IGD, interglobular domain between the G1 and G2 domains of aggrecan; KLH, keyhole-limpet (Megathura crenulata) haemocyanin; KS, keratan sulphate; mAb, monoclonal antibody; MMP, matrix metalloproteinase. 1 These authors made equal contributions to this work. 2 To whom correspondence should be sent, at the Shriners Hospital address (email jsandy@shctampa.usf.edu).
which are located inside cells in either cytoplasmic or membraneassociated forms [30] . Defined structural similarities in the catalytic domain determine the members of the calpain superfamily. The two major calpains, which are very widely distributed, are termed calpain 1 (µ-calpain) and calpain 2 (m-calpain), owing to the fact that they are activated at micro-and milli-molar concentrations of Ca 2+ respectively. Within the diarthrodial joint, m-calpain has been identified in articular chondrocytes [31] [32] [33] , synoviocytes [34] and growth-cartilage chondrocytes [35] .
The findings reported here provide new insight into the proteinases responsible for C-terminal truncation of aggrecan in vivo and establish the presence of a novel proteolytic pathway for aggrecanolysis in the cells and/or matrix of mature articular cartilages.
EXPERIMENTAL

Materials
Porcine kidney m-calpain was purchased from Calbiochem. Chondroitinase ABC, endo-β-galactosidase and keratanase II were obtained from Seikagaku America (East Falmouth, MA, U.S.A.). Goat anti-mouse secondary antibody and mouse mAb isotyping kit were from Amersham Biosciences (Little Chalfont, Amersham, Bucks., U.K.). The affinity column HiTrap TM Protein A HP and Sepharose CL-2B were from Amersham Biosciences (Uppsala, Sweden).
Preparation of mAb SK-28
The antigen used for immunization was the ovalbumin-linked peptide CGGMVTQVGPGVA (the italicized portion is the linker and spacer sequence). Procedures for immunization, cell fusion and hybridoma selection were as described in [36] , with modification. Hybridomas showing reactivity with the immunizing antigen were expanded in cell culture, cloned by limiting dilution and used for ascites production. The SK-28 antibodies were purified on HiTrap Protein A and the subclass of SK-28 was IgG1κ. Specificity was characterized with synthetic peptides (MVTQVGPGVA and MVTQVGPGVAAVP) by competitiveinhibition ELISA using a p-nitrophenyl phosphate substrate and monitoring absorbance of the product, p-nitrophenol, at 405 nm.
Bovine aggrecan isolation and calpain digestion
For core analysis and calpain-digestion studies of fetal and mature bovine aggrecan, the A1A1D1-A1A1D6 fractions (densities 1.65, 1.56, 1.52, 1.47, 1.41 and 1.37 g/cm 3 respectively) of fetal epiphyseal and mature articular cartilages were prepared in the presence of proteinase-inhibitor mixture as described in [1] . Aggrecan aggregate preparations for N-terminal-analysis studies were prepared with mature bovine aggrecan (D1) and 5 % (w/w) hyaluronan. Degradation of aggrecan by m-calpain was generally performed under standard conditions for 30 min at 30
• C [28] . Briefly, the reaction mixture (200 µl) contained 100 µg of aggrecan (≈ 100 pmol) and m-calpain (≈ 0.01-10.0 pmol) in 5 mM 2-mercaptoethanol/1 mM EGTA/110 mM imidazol buffer, pH 7.5. Digestion was started by addition of CaCl 2 to a final concentration of 7 mM (resulting in 6 mM free Ca 2+ over EGTA) and terminated by addition of EDTA to a final concentration of 10 mM or monoiodoacetic acid to a final concentration of 20 mM.
SDS/PAGE and Western blotting
After calpain digestion, aggrecan was deglycosylated with chondroitinase ABC, endo-β-galactosidase and keratanase II and subjected to 4-12 %-PAGE as previously described [3] . Anti-G1 [3] , JSCATE, previously described as anti-ATEGQV [37] , and SK-28 were used at 1:3000 dilution. Anti-aggrecan G3 domain (JSCCDG) was prepared by immunization of rabbits with the peptide CDGHPMQFENWRPNQPDN conjugated to KLH [keyhole-limpet (Megathura crenulata) haemocyanin]. This antiserum was previously described as LEC-7 [7] . An anti-G2 serum (raised against a 27-mer peptide immunogen KCYAGWLADG-SLRYPIVTPRPACGGDK from the B loop of the human G2 domain (conjugated to KLH) [4] was very kindly provided by Dr Amanda Fosang, University of Melbourne, Department of Paediatrics, Cell and Matrix Biology Research Unit and Murdoch Childrens Research Institute, Royal Children's Hospital, Parkville, Vic., Australia, and used at 1:5000 dilution. Monoclonal antibodies 2-B-6 and 3-B-3, which are highly reactive with unsaturated 4-sulphated and 6-sulphated disaccharide stubs on chondroitinase-digested aggrecan core protein respectively [38] , were kindly provided by Dr Bruce Caterson, Connective Tissue Laboratories, Cardiff School of Biosciences, University of Cardiff, Cardiff, Wales, U.K.
Isolation of aggrecan fragments and N-terminal amino-acid-sequence analysis
Calpain digests were fractionated on Superose 12, Sepharose CL-2B (10 mm × 100 cm), TSK4000 (TOSHO, Tokyo, Japan) and Biosilect SEC400 (Bio-Rad Inc.), the products were desalted by dialysis and applied to an Applied Biosystem 477A sequencer.
RESULTS
Western analysis of m-calpain digestion products of bovine aggrecan and comparison with naturally occurring core species
For this purpose we set up 30 min digestions containing 100 pmol of mature bovine aggrecan A1A1D1 and increasing amounts (0, 0.01, 0.02, 0.1, 0.2, 1.0 and 2.0 pmol) of m-calpain. Also included was an extensive digestion of 100 pmol of aggrecan with 10 pmol of m-calpain for 2 h. The products of all digests were deglycosylated and analysed by Western blot with anti-(G1 domain) serum ( Figure 1A , lanes 1-8). Shown for comparison is an analysis of an A1A1D4 sample of mature bovine articular cartilage which contains the major naturally occurring G1-bearing species labelled here as b, c, d, 6 (doublet) and e. Five major G1-immunoreactive bands (I -V) were detected in the m-calpain digests with apparent molecular masses of ≈ 450 (I), ≈ 250 (II), ≈ 160 (III), ≈ 120 (doublet, IV) and a doublet at ≈ 60 kDa (V). Band I is the full-length core protein, since it reacts with anti-G1, anti-G2 and anti-G3 antibodies (see Figures 1A, 1B and 1C ). Band II, a diffuse region at ≈ 250 kDa, was generated at low calpain concentrations (lanes 2-5) and was destroyed by concentrations of 1.0 pmol of calpain and above (lanes 6-8); this species migrates to a position similar to that of the previously described band a [3] . Species III, at ≈ 160 kDa, was detected at very low abundance and only at intermediate calpain concentrations (lanes 3-7); it migrates to a position similar to that of the natural band b shown in the right lane. Species IV, at ≈ 120 kDa, was detected in quite high abundance at intermediate calpain concentrations; it was destroyed by high calpain concentrations, and it migrated to a position identical with that of the natural band c shown in the A1A1D4 sample. Species V, a diffuse product becoming a clear doublet at the highest calpain concentration (lane 8), migrates to a position very similar to that of band 6 (doublet of G1-NITEGE 392 ; numbering from [24,24a] ) and band e (G1-VDIPES 360 ; sequence and numbering from [24,24a] ) shown in the A1A1D4 sample. The presence of the G1 domain on these species (I-V) was confirmed by analysis of these samples with antibody JSCATE, which recognizes a peptide in the A-loop of the G1 domain (results not shown). A schematic illustration of the structures consistent with the anti-G1 Western-blot analysis is given in Figure 2 . Westernblot analysis of the same samples with anti-G2 ( Figure 1B ) fully supported these proposed structures for species I-IV (G2-positive) and species V (G2-negative) and also revealed the presence of products VI and VII, characterized by reactivity with anti-G2, but not with anti-G1.
Western-blot analysis of the same calpain digests with anti-G3 ( Figure 1C) showed, as expected, a very different pattern from that shown in Figures 1(A) and 1(B) . There were three major G3-bearing products generated from the full-length band I, with apparent sizes of ≈ 200 kDa (species VIII), 90 kDa (species IX) and 45 kDa (species X). The sharp 90 kDa band present in all samples appears to be a non-specific reactivity of the antiserum. Analysis of these same samples with mAb 2B6 ( Figure 1D ) and 3B3 (results not shown) gave similar patterns to each other and showed that, as expected, only the high-molecular-mass species (above 160 kDa) are highly antigenic, owing to substitution with chondroitin sulphate at multiple sites (see Figure 2 for a schematic summary of cleavage sites and proposed species identification).
N-terminal sequence analysis identifies four major calpain cleavage sites in aggrecan
The Western-blot analyses ( Figures 1A-1D) suggested that mcalpain cleaves aggrecan at four or more sites and that the product sizes decrease with increasing enzyme concentration. To establish the sequences at the cleavage sites, we generated products for N-terminal analysis by digestion of bovine A1D1 aggrecan in aggregate form [up to 10 nmol of substrate in aggregates with hyaluronan (5 %, w/w)] for 30 min under conditions which corresponded to a ratio of 0.03, 0.25, 2.5 and 12.5 pmol of calpain per 100 pmol of aggrecan. In each case the products were separated on an associative Sepharose CL-2B column and the nonaggregating fragments were purified on TSK4000 and/or Biosilect SEC400 columns for N-terminal analysis. Under mild digestion conditions, a single major new N-terminal sequence, namely VLPXG, was detected, which could be generated by cleavage at one or more of the following bonds: Ser Figure 2 ). Any of these cleavages generate a G1-bearing peptide of about 1300 residues which corresponds in size to species II ( Figures 1A and 1B) . This is consistent with the finding that the major hyaluronan-bound product of this digestion migrated at the position of species II on SDS/PAGE (results not shown).
Under more extensive digestion, a new major N-terminus, AVP, was detected, confirming the previous finding [28, 29] of a cleavage site at Ala 719 -Ala 720 (see cleavage B, Figure 2) . Indeed, the same analysis done with human and rat aggrecan indicated the Ntermini AVPVEE and AVPL respectively, consistent with cleavage at the equivalent Ala-Ala bond in these core proteins. Under more exhaustive digestion a new N-terminus, GEEDI, was obtained, corresponding to a cleavage at Gly 365 -Gly 366 (cleavage C, Figure 2) . Finally, the digest generated with 12.5 pmol of calpain per Figures 1B and 2 ). This analysis confirmed the previously described cleavage sites B and D [28, 29] and established the presence of two more sites (see cleavages A and C in Figure 2 ). The same general product patterns seen in Figure 1 (A) (anti-G1) and Figure 3 (SK-28) were obtained in a separate set of incubations done at 37
• C instead of 30 • C, supporting the physiological relevance of these cleavage sites (results not shown).
Summary of in vitro aggrecan cleavages by m-calpain
The Western-blot data ( Figures 1A, 1B, 1C and 1D) , along with the known cleavage locations from N-terminal analysis, were used to generate a schematic map of species I-X (Figure 2 ). The minimum m-calpain concentration required to generate (and eliminate) the individual products shown on Western-blot analysis proved that cleavage (from the most sensitive to the least sensitive bond) was in the order A-D shown in Figure 2 . This priority is based on the order of product appearance with increasing enzyme concentration (that is, II followed by III/IV followed by V followed by VI/IX and finally VII/X). It should be noted that this structural summary includes an assumption that species III and species IV are the same aggrecan core species, despite their obvious difference in migration behaviour ( Figures 1A and 1B) . Possible explanations for this apparent anomaly are provided in the Discussion. It also shows that the disulphide-bonded globular domains of aggrecan (G1, G2 and G3) resist calpain digestion, since the G1 domain in species V, the G2 domain in species VII, Mature bovine aggrecan (100 pmol of A1A1D1) was digested with increasing amounts of m-calpain (lanes 1-8) , the products were deglycosylated and analysed by Western blotting with MAb SK-28 raised to the calpain-generated C-terminal sequence MVTQVGPVGA 719 . For a further description of MAb SK-28 and the conditions of incubation, see the text. See Figure 2 for a description of the species I-X. Also shown is mature bovine aggrecan A1A1D4 (right lane).
and the G3 domain in species X, were all preserved, and found as major terminal products.
The specific sites of cleavage within the CS-2 domain, which are responsible for the generation of species IX and species X, have not been identified. Analysis of digestion products by Western blot with antibody 2-B-6 ( Figure 1D ) and by Sepharose CL-2B chromatography (results not shown) suggested that, at low enzyme concentrations, cleavage occurs at only two or three sites. The apparent sizes suggest that they would be at about residue 1950 for species IX and residue 2100 for species X. An inspection of the bovine sequence in these regions suggest suitable sites for these cleavages at Ala 1948 -Ala 1950 and Gly 2102 -Gly 2103 respectively. However, at intermediate to high enzyme concentration (lanes 5-8, Figure 1D ), further cleavages must occur, since the CS-bearing species VIII and IX are eliminated and the isolated G3 domain (species X) is formed ( Figure 1C ).
Cleavage-specific neoepitope mAb SK-28
To further examine the cleavage of bovine aggrecan with mcalpain, we next prepared a neoepitope mAb (SK-28) to the ovalbumin-conjugated peptide CGGMVTQVGPGVA 719 , the expected C-terminal sequence generated by cleavage at site B (Figure 2) . To test the reactivity and the specificity of SK-28, we did inhibition ELISA with MVTQVGPGVA and MVTQVGPGV-AAVP, which showed that the antibodies are directed exclusively to the neoepitope generated by cleavage at Ala 719 -Ala 720 (Results not shown).
We also did Western analysis (Figure 3 ) of the same samples shown in Figures 1(A)-1(D) . The SK-28 mAb recognized three products of ≈ 120 (close doublet), ≈ 70 and 40 kDa, generated with increasing enzyme concentration. This confirmed the generation of species IV, VI and VII respectively, and the order of cleavages, B-D, as shown in Figure 2 . The apparent size summations for species IV, V and VI are consistent with the conclusion that IV (≈ 120 kDa) is cleaved directly to V (≈ 60 kDa) and VI (≈ 70 kDa), before VI is cleaved to VII (≈ 40 kDa). An overlay comparison of these Western blots showed that the ≈ 120 kDa (close doublet) species IV was the only species in the digests which reacted strongly with the anti-G1, anti-G2 and SK-28 antibodies, and, most interestingly, it also appears to be present in the A1A1D4 sample, where it is labelled as 'band c' ( Figures 1A, 3  and 4) .
Two major components of C-terminally truncated aggrecan in mature bovine cartilage react with the SK-28 antibody
The natural band c exhibited all of the properties of species IV, including migration behaviour, doublet appearance and reactivity with anti-G1, anti-G2 and SK-28. On the other hand, the natural band b could not be definitively identified, since there was apparently no equivalent SK-28-reactive species formed in the calpain digests (Figure 3) . The analysis of mature bovine aggrecan A1A1D4 with anti-G1 ( Figure 1A ) and anti-G2 (results not shown) confirmed that the natural band b has an immunoreactivity profile (G1-positive and G2-positive) and migration behaviour consistent with its identification as species III.
To examine this matter further, we analysed CsCl gradient fractions of fetal epiphyseal and mature bovine aggrecan (A1A1D1-A1A1D6) by Western-blot analysis with anti-G1 and SK-28 ( Figure 4) . The fetal samples were composed primarily of fulllength aggrecan (species I), and there was no evidence for the presence of species b or c with either the anti-G1 antibody or SK-28. These species were also undetectable in aggrecan purified from all zones of fetal bovine rib growth-plate cartilages (fetal results not shown).
However, with the mature bovine aggrecan, the high-buoyantdensity aggrecan (A1A1D1-A1A1D3) was essentially pure fulllength core protein (species I), whereas the low-buoyant-density fractions (A1A1D4-A1A1D6) contained abundant C-terminally truncated species, labelled here as b, c, d, 6 and e (Figure 4 , left panel). The apparent low abundance of species I and a on this Western-blot analysis is due to the relatively poor transfer rate of high-molecular-mass aggrecan core proteins from SDS/PAGE gel to nitrocellulose membrane.
Most interestingly, the naturally occurring proteins in the A1A1D4 and A1A1D5 fractions, labelled as b and c, both reacted strongly with both anti-G1 (left panel), anti-G2 (results not shown) and SK-28 (right panel). When taken together, all the data obtained support the identification of the natural band c ( Figures 1A, 3 and  4) as the calpain-generated species IV ( Figures 1A, 1B and 2 ). The identification of the more abundant natural band b appears more problematic. While it appears to be equivalent to band III ( Figure 1A) , the small amount of band III which appeared to be generated in calpain digests of A1A1D1 was not detected by SK-28 ( Figure 2 ). Exhaustive digestion of A1A1D4 samples with both O-glycanase and N-glycanase II did not markedly alter the electrophoretic behaviour of band b or band c, making it unlikely that they represent glycovariants of the same peptide.
The SK-28 antibody detected two other prominent species in the calpain digests, namely VI at ≈ 70 kDa and VII at 40 kDa. These were readily identified, since they reacted with anti-G2 (Figure 1B) but not with anti-G1 or anti-G3 ( Figures 1A and 1C ). They were, however, apparently not present in native bovine aggrecan preparations.
DISCUSSION
The work presented here provides the first direct evidence that m-calpain, or a proteinase that shares the same substrate specificity, is responsible for the generation of a major proportion (perhaps 40 %) of the C-terminally truncated species of aggrecan present in the extracellular matrix of mature articular cartilages in vivo. It has been clearly shown that m-calpain can be readily detected by enzymic activity and immunological characterization in chondrocyte cultures, cartilage extracts and synovial fluids [33, 35] , and its abundance has been shown to correlate with the severity of arthritis in both animal models [31, 32] and human disease [34] . The mAb SK-28, which is described for the first time in the present paper, has been used here to investigate the specific role and natural substrate of m-calpain in chondrocytes or normal cartilage matrix in situ. The SK-28 antibody, which reacts with a neoepitope generated by m-calpain-mediated cleavage of bovine aggrecan at Ala 719 -Ala 720 , detects two species in bovine articular-cartilage aggrecan preparations (b and c, Figures 1A,  2 and 4) which together appear to represent a major naturally occurring pool of C-terminally truncated aggrecan in this tissue.
Since the site of truncation is within the KS-rich domain, it appears that these calpain-generated species represent KS-bearing, but CS-deficient, aggrecan, and they may therefore contribute organizational rather than water-retaining properties to the tissue. It should be noted that the demonstration in the present paper that the 120 kDa natural band c (species IV) includes the G2 domain and has a C-terminus at Ala 719 (bovine) shows that the earlier prediction [3] about the size of the human band c was in error. The results presented here show clearly that only species which migrate at about 100 kDa and below have C-termini within the IGD.
The possibility that these SK-28-reactive products were generated by uncontrolled proteolysis during extraction of the aggrecan from the tissue can be almost certainly excluded for two reasons. First, the preparations analysed here were prepared under established conditions (with the inclusion of proteinase inhibitors) designed to prevent autolytic activity by endogenous proteinases such as calpains [1] . Secondly, aggrecan prepared from fetal bovine cartilage under identical conditions did not contain the SK-28-reactive species, showing that the products appear to be formed in the tissue during growth and/or maturation in vivo.
Since band c of mature bovine cartilage and species IV generated by calpain digestion of A1A1D1 aggrecan have identical size, immunoreactivity profiles and similar relative immunoreactivities (G1 to SK-28), it seems probable that the majority of the natural band c is indeed generated in vivo by m-calpain or a related proteinase. On the other hand, we are unable at present to definitively identify the natural band b, which, like band c, also reacts strongly with anti-G1, anti-G2 and monoclonal antibody SK-28. The electrophoretic properties of band b (which is about 40 kDa larger and more diffuse than band c) are consistent with it representing a modified form of band c. In this regard we are investigating the possibility that band b might represent a cross-linked advanced glycation end product of band c [39, 40] or a cartilage-matrix-protein-substituted band c generated by transglutaminase activity [41] . Such an explanation might explain why we are unable to generate detectable amounts of SK-28-reactive band b in digests of bovine aggrecan A1A1D1. Thus the derivatized form may only be generated in vivo following crosslinking reactions which occur within truncated species such as band c over extended periods of dwell time in the matrix.
If, as seems very likely, calpain is responsible in vivo for the generation of both bands b and c, it might follow that calpain is also responsible for the generation of band a, the other major C-terminally truncated glycosaminoglycan-bearing species present in articular cartilages. This population [3] appears as a broad band at ≈ 250 kDa on most Western-blot analyses of bovine and human aggrecan preparations. Such a population is indeed generated very readily on calpain digestion (species II, Figures 1A and 1B) and the multiple possible C-termini (from Ser 1229 to Ser 1346 ) might explain the apparent heterogeneity of the naturally occurring species. Preparation of neoepitope antisera to these C-termini should be capable of resolving this question.
In this regard it will also be important to determine whether SK-28 can be used to determine the extent to which the same C-terminal processing occurs in human aggrecan in situ. On this point we have already shown that calpain digests of human aggrecan contain SK-28-reactive products at 95 kDa and 50 kDa (H. Oshita, Y. Bai, J. D. Sandy and K. Suzuki, unpublished work). However, these products have not been fully characterized. The present results also suggest that m-calpain might be an important new tool for isolation of natural molecular domains of aggrecan for analysis. Thus the composition of the exhaustive digest (lane 8, Figures 1A-1D and 3) shows that it appears to be a good source for purification of all three of the globular domains (G1, G2 and G3).
Since it is clear that a proportion of the aggrecan extracted from mature articular cartilage has been C-terminally truncated by m-calpain or a closely related proteinase, it now becomes important to definitively identify the proteinase(s) responsible and the precise location (intracellular, cell membrane, intercellular matrix) where the cleavage occurs. While both cathepsin S and cathepsin L have been shown to cleave at the Ala 719 -Ala 720 bond (SK-28 epitope) in bovine aggrecan digests [42] , it seems very unlikely that they are responsible for generation of bands b and c in cartilage, since the cathepsins have a pH optimum which is appropriate only for lysosomal activity in vivo [43] . In addition, we have been unable to generate SK-28-reactive species by digestion of bovine aggrecan with MMP-3 and ADAMTS4 (Y. Bai and J. D. Sandy, unpublished work), suggesting that metalloproteinases are not likely to be involved. Whereas m-calpain is primarily considered to be a cytosolic protein, it can translocate to both focal complexes/adhesions or the plasma membrane [32, 44, 45] , and there is also evidence that it is active at the endoplasmic reticulum/Golgi apparatus interface and in membrane lipid rafts [46] . These findings raise the possibility that calpain-mediated aggrecanolysis might occur during aggrecan biosynthesis and/or secretion, a suggestion which is consistent with biosynthetic studies showing the generation of large and small populations of aggregating species over short labelling periods [47, 48] . Indeed, further work is necessary not only to confirm that m-calpain is responsible, and the location of the proteolysis, but also to determine whether this type of aggrecan processing achieves cartilage matrix organizational and biomechanical properties which promote or compromise the function of the tissue. Immunohistochemical localization of m-calpain and the SK-28-positive products in mature bovine cartilages should provide insights into these questions.
